Introduction {#section1-1178223420931511}
============

Breast cancer is the most common invasive malignancy for women, with nearly 300, 000 new diagnoses and 40, 000 deaths from the disease in the United States each year.^[@bibr1-1178223420931511]^ Social isolation is associated with reduced long-term survival in all cancers, including breast cancer.^[@bibr2-1178223420931511]^ Preclinical studies have demonstrated that experimental stressors such as social isolation (single housing) or restraint increased breast cancer incidence and progression.^[@bibr3-1178223420931511][@bibr4-1178223420931511][@bibr5-1178223420931511][@bibr6-1178223420931511][@bibr7-1178223420931511]--[@bibr8-1178223420931511]^ Hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous system (SNS) activation and subsequent β-adrenergic receptor (β-AR) signaling have been shown to drive tumor progression through immune and nonimmune mechanisms.^[@bibr5-1178223420931511][@bibr6-1178223420931511]-[@bibr7-1178223420931511],[@bibr9-1178223420931511][@bibr10-1178223420931511][@bibr11-1178223420931511][@bibr12-1178223420931511][@bibr13-1178223420931511]--[@bibr14-1178223420931511]^ Nonetheless, epidemiological studies testing the association between stress and breast cancer progression in humans have been equivocal. Several groups have correlated significant life events, such as divorce or bereavement, with breast cancer mortality,^[@bibr15-1178223420931511],[@bibr16-1178223420931511]^ whereas others have failed to identify such a link.^[@bibr17-1178223420931511]^ In response to preclinical data demonstrating β-AR activation as a key mechanism underlying stress-induced tumor progression, breast cancer outcomes associated with β-blocker usage have been analyzed retrospectively. Several studies reported prolonged overall and breast cancer-specific survival and reduced establishment of secondary disease in patients taking β-blockers.^[@bibr16-1178223420931511],[@bibr18-1178223420931511][@bibr19-1178223420931511][@bibr20-1178223420931511]--[@bibr21-1178223420931511]^ However, others show no such correlation,^[@bibr22-1178223420931511][@bibr23-1178223420931511][@bibr24-1178223420931511]--[@bibr25-1178223420931511]^ and 1 report demonstrated poorer outcomes associated with a selective β1-antagonist.^[@bibr25-1178223420931511]^ One roadblock to investigating stress and cancer progression in translational studies is that no stress-sensitive biomarkers have been identified to convey tumor stage and metastatic progression.

Circulating exosome content has been used as a biomarker reporting on tumor stage and metastasis.^[@bibr26-1178223420931511][@bibr27-1178223420931511][@bibr28-1178223420931511][@bibr29-1178223420931511]--[@bibr30-1178223420931511]^ Exosomes constitute a class of nanometer-scale particles produced by the inward budding of the endosomal membrane. Nearly all cell types constitutively release exosomes following their fusion with the plasma membrane.^[@bibr31-1178223420931511]^ In cancer, exosomes promote tumor growth and metastasis locally and distantly in metastatic sites.^[@bibr27-1178223420931511],[@bibr30-1178223420931511][@bibr31-1178223420931511]--[@bibr32-1178223420931511]^ Exosomal transforming growth factor β (TGF-β) has been demonstrated to be an important mediator of tumor growth and progression, and elevated exosomal TGF-β content has been correlated with the onset of late-stage disease.^[@bibr33-1178223420931511][@bibr34-1178223420931511]-[@bibr35-1178223420931511]^ Studies have demonstrated exosome content and function can be modified by stress neurohormone signaling,^[@bibr36-1178223420931511],[@bibr37-1178223420931511]^ but the impact of such signaling in the context of cancer has yet to be investigated. As a first step in determining whether exosomes may serve as biomarkers of stress regulation of cancer, we investigated whether stress-induced alterations in tumor progression were associated with modifications of circulating exosome TGF-β content.

MMTV-PyMT female mice spontaneously develop hormone receptor--positive (estrogen/progesterone/Her2-Neu) ductal carcinoma, the most common clinical manifestation of breast cancer.^[@bibr1-1178223420931511],[@bibr38-1178223420931511]^ We investigated the impact of stress exposure in this preclinical mouse model by initiating social isolation early in malignant transformation with subsequent exposure to acute restraint stress during early carcinoma. This dual stressor elicited pronounced activation of the SNS and the HPA axis throughout malignant transformation and, intriguingly, reduced primary tumor burden in MMTV-PyMT mice. Our investigation revealed tumor and systemic tumor pathways inhibited by β-AR activation, suggesting a need for further interrogation of stress hormone regulation of tumor progression in cancer.

Materials and Methods {#section2-1178223420931511}
=====================

Experimental animals {#section3-1178223420931511}
--------------------

5- to 6-week-old female MMTV-PyMT (strain FVB/N-Tg(MMTV-PyVT)634Mul/J) mice were purchased from The Jackson Laboratory (Bar Harbor, Maine) and group-housed 4 per cage under microisolator conditions with a 12:12 hour light/dark cycle (lights on at 6:30 AM) and *ad libitum* access to food and water.

Stressor paradigm {#section4-1178223420931511}
-----------------

After 2 weeks of habituation to group housing, mice were randomized into balanced "nonstressed" control or "stressed" cohorts based on body weight and age ([Figure 1A](#fig1-1178223420931511){ref-type="fig"}). Stressed animals were socially isolated (N = 1 per cage). Nonstressed controls remained group-housed throughout the experiment. Following 2 weeks of social isolation, stressed mice were exposed to 3 consecutive days of 2-hour restraint from 9 to 11 AM each day. Restraint tubes were well-ventilated 110-mL centrifuge tubes (Sigma-Aldrich, Z640948) that allowed mice to move forward/backward and turn around. After each restraint session, mice were returned to their respective cages. Nonstressed mice remained unrestrained in their home cages. Following the final restraint, mice were returned to their respective housing until they were sacrificed 24 hours, 2 weeks, or 3 weeks later. Mice were weighed 2 to 3 times per week throughout the paradigm. Animal handling was performed by the same experimenter (male, R.P.D.^[@bibr39-1178223420931511]^).

![HPA axis and SNS activation with the dual stressor paradigm in MMTV-PyMT mice. (A) Diagram of dual stress paradigm. In the stressed group, group-housed mice were singly housed during hyperplasia at 6-7 weeks of age. At 8-9 weeks of age, during early carcinoma, singly-housed mice were exposed to 3 consecutive days of 2 h per day restraint stress (RS). Non-stressed mice were group-housed remained group-housed throughout the experimental period. (B) Change in body weight (delta) relative to 1 day before social isolation. The stress neurohormones (C) plasma corticosterone, (D) spleen normetanephrine, and (E) tumor normetanephrine were measured at 3 time points after the last restraint stress session. Individual responses are shown in C-E. Results are expressed as mean ± SEM, n=14-16. Statistical analyses: Fig 1B-D, Holm-Sidak multiple comparison-adjusted post-hoc test comparing non-stressed and stressed groups at the corresponding time points, \* p\<0.05 or \*\* p\<0.01. For Fig. 1E, post-hoc analysis of main effect of time, \*\*p\<0.01 between 24 h and 3-wk time points by Holm-Sidak multiple comparison test.](10.1177_1178223420931511-fig1){#fig1-1178223420931511}

Chronic β-AR blockade with nadolol {#section5-1178223420931511}
----------------------------------

Under isoflurane inhalation (3%-4% induction, 1%-2% maintenance, v/v oxygen), mice were implanted subcutaneously with 60-day continuous release pellets containing either placebo or the non-selective β-AR antagonist nadolol (1.5-mg per pellet; Innovative Research of America, Sarasota, FL) 3 days before social isolation. Nadolol was chosen in part because it does not cross the blood-brain barrier,^[@bibr40-1178223420931511]^ and the sustained release pellets remove the potential confound of exposing mice to stress associated with daily injections. The nadolol dosage was chosen based on previously reported effective doses of subcutaneously implanted nadolol pellets in mice.^[@bibr41-1178223420931511],[@bibr42-1178223420931511]^ Nadolol is used in clinical populations, and has no intrinsic sympathomimetic or biased agonist activity.^[@bibr40-1178223420931511]^

Tissue collection {#section6-1178223420931511}
-----------------

Mice were transferred to the procedure room, 1 cage at a time. Each mouse was weighed, bled via submandibular puncture into lithium heparin tubes (Sarstedt), and sacrificed by pentobarbital overdose and cervical dislocation within 5 minutes of removal from the housing room. MMTV-PyMT mice produce primary tumors in all mammary fat pads.^[@bibr38-1178223420931511]^ To assess total tumor burden, all solid mammary tumors were dissected and weighed. The largest solid tumors were subdivided for stress neurohormone, histological, cytokine/chemokine, and flow cytometric analyses. Spleens were weighed and divided for stress neurohormone and flow cytometry analyses. Lungs were removed and divided into half for histology and flow cytometry.

Plasma preparation {#section7-1178223420931511}
------------------

Whole blood was centrifuged at 2,000 × *g* for 20 minutes at 22°C. Plasma for neurohormonal analysis was aliquoted and immediately stored at −80°C. Plasma for exosome isolation was immediately processed as described below.

Lung histology {#section8-1178223420931511}
--------------

One half of each lung was submerged in 10% buffered formalin for at least 24 hours prior to paraffin embedding. Lungs were sectioned at 5-µm thickness, and 3 consecutive sections were collected every 100 µm spanning the thickness of the lung. Sections were mounted onto glass slides (SurgiPath Xtra, Leica) and stained with hematoxylin and eosin (H&E). Metastases were counted, and the area of each metastatic lesion was measured by a blinded observer using a light microscope at 20× magnification.

Immunofluorescence and second-harmonic generation microscopy {#section9-1178223420931511}
------------------------------------------------------------

Dissected tumors were fixed and immunolabeled as previously described.^[@bibr43-1178223420931511]^ For cleaved caspase-3 and Ki67 staining, heat-induced antigen retrieval using citrate buffer (Abcam) was conducted prior to blocking. Sections were labeled using anti-cleaved caspase-3 (1:100, Cell Signaling Technology) or anti-Ki67 (1:500, Abcam), followed by an AlexaFluor 594--conjugated goat anti-rabbit secondary antibody (1:500, Thermo Fisher). Slides were coverslipped with ProLong Gold antifade mountant with 4′, 6-diamino-2-phenylindole nuclear stain (Thermo Fisher). Immunolabeled tumor sections were imaged on an Olympus BX51 upright microscope.^[@bibr43-1178223420931511]^

Collagen second-harmonic generation (SHG) microscopy was performed as previously described.^[@bibr43-1178223420931511]^ All image analyses were performed by blinded individuals using custom algorithms in ImageJ software (NIH).

Tumor cytokine/chemokine immunoassay {#section10-1178223420931511}
------------------------------------

Tumors were homogenized in radioimmunoprecipitation assay (RIPA) buffer with HALT protease inhibitor (Thermo Fisher) and centrifuged at 1,000 × *g* for 15 minutes. Cleared supernatants were aliquoted and stored at −80°C until use. Tumor lysates were assayed in duplicate for interleukin (IL)-1β, IL-2, IL-4, IL-6, IL-10, IL-12(p70), interferon (IFN)-γ, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), monocyte chemoattractant protein (MCP-1), macrophage inflammatory protein (MIP)-2, regulated on activation normal T-cell expressed and secreted (RANTES), tumor necrosis factor (TNF)-α, and vascular endothelial growth factor (VEGF) by a multiplexed immunoassay (EMD Millipore, MCYTOMAG-79K) and analyzed on a BioRad BioPlex 200 array reader. Analyte concentrations were determined from standard curves using 5-point logarithmic fit.

Analytical flow cytometry {#section11-1178223420931511}
-------------------------

Tissue was placed in ice-cold phosphate-buffered saline (PBS) with 10% fetal bovine serum (FBS) and manually dissociated into single-cell suspensions in PBS with 10% FBS. Red blood cells were lysed in buffer containing 0.15 M ammonium chloride, 10 mM potassium carbonate, and 0.1 mM sodium ethylenediaminetetraacetic acid in distilled/deionized water (pH 7.4). Cell suspensions were filtered through 70-µm cell strainer cap tubes (Corning). Cells (1 × 10^6^) were Fc-blocked by a 15-minute incubation with anti-CD16/32 (1:50, BD Biosciences) and labeled with the following antibody panel: anti-CD45 (Brilliant Violet 421, Biolegend, 30-F11); -CD11b (AlexaFluor647, BD Biosciences, M1/70); -Gr-1 (Ly-6C & -6C, PE, BD Biosciences, RB6-8C5); and -F4/80 (FITC, Abcam, BM8), all diluted 1:40 in PBS with 1% bovine serum albumin (BSA) for 30 minutes at 4°C. Following 3 washes in PBS with 1% BSA, cells were fixed in 1% paraformaldehyde and stored at 4°C until analysis.

Cells were analyzed using a BD Biosciences FACSCanto II cytometer. Color compensation was conducted for each fluorescent channel using antibody capture beads (Life Technologies). Analysis gates were set based on forward-scatter/side-scatter profiles to exclude debris and fluorescence-minus-one negative controls.^[@bibr44-1178223420931511]^ Flow cytometric analyses were performed in FlowJo X (Tree Star).

Exosome isolation {#section12-1178223420931511}
-----------------

Immediately after plasma preparation, exosomes were collected using an ExoQuick Plasma Exosome Isolation kit per manufacturer instructions (System Biosciences, EXOQ5TM). In brief, debris and nonexosomal particles were removed by a 15-minute incubation with thrombin at 37°C followed by centrifugation at 10,000 × *g* for 20 minutes. ExoQuick precipitation solution was added to each supernatant (1/3 v/v) and mixed by inversion. Samples were incubated overnight at 4°C and pelleted by centrifugation at 10,000 × *g* for 30 minutes at 4°C. The exosome-depleted supernatant was removed and the pellet was centrifuged at 10,000 × *g* for an additional 5 minutes at 4°C to remove remnant supernatant and ExoQuick reagent. Pellets were resuspended in sterile Dulbecco's PBS (Corning) for size distribution and transmission electron microscopy (TEM) morphological analyses or sonicated in RIPA buffer with HALT protease inhibitor cocktail (Thermo Fisher) for protein analysis, then stored at −80°C.

Exosome size determination {#section13-1178223420931511}
--------------------------

Exosome diameter was determined by TEM and NanoSight particle tracking analysis. For TEM, undiluted exosomes were adsorbed onto formvar/carbon-coated copper grids, counterstained with uranyl acetate, and imaged at 50,000× and 150,000× magnification using a Hitachi 7650 analytical TEM paired with an 11-megapixel Erlangshen digital camera. For NanoSight size distribution analysis, exosomes were diluted 1:1,000 in molecular grade water (Corning, 46-000-CM) and analyzed using a NanoSight NS300 (NTA version 3.1, Malvern). For all samples, camera level = 12, frame rate = 25 FPS, acquisition time = 3 × 60 seconds, viscosity = water (\~0.9 cP), detection threshold = 5, blur size = auto, max jump distance = auto.

Exosome protein analysis {#section14-1178223420931511}
------------------------

Total exosome protein was assayed by bicinchoninic acid assay (Thermo Fisher). Isolated particles were confirmed as exosomes by the presence of common surface markers and the absence of cellular contamination using an ExoCheck antibody-based spot array (System Biosciences, EXORAY). The exosome number was estimated using the canonical marker CD63^[@bibr45-1178223420931511]^ by enzyme-linked immunosorbent assay (ELISA; System Biosciences, EXOEL-CD63A). Exosomal TGF-β1/2/3 protein expression was assayed by multiplexed immunoassay (EMD Millipore, TGFBMAG-64K). Exosomal TGF-β concentrations are expressed as pg per 1 × 10^9^ CD63^+^ particles.

R221a cells, intracellular cyclic adenosine monophosphate, and proliferation {#section15-1178223420931511}
----------------------------------------------------------------------------

The MMTV-PyMT-derived cell line R221a was maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 1% penicillin/streptomycin, 50-µg/mL gentamycin, and 10-µg/mL puromycin.^[@bibr46-1178223420931511]^ Intracellular cyclic adenosine monophosphate (cAMP) was measured by ELISA as previously described.^[@bibr47-1178223420931511]^ Cellular proliferation was assessed using a CyQUANT NF Cell Proliferation Assay kit (Molecular Probes).

Neuroendocrine determination {#section16-1178223420931511}
----------------------------

Tissue was homogenized in 0.01 M hydrochloric acid at 10% w/v and centrifuged at 1,000 × *g* for 15 minutes to remove cellular debris. Supernatant was stored at −80°C until analysis. The norepinephrine (NE) metabolite normetanephrine (NMN) was assayed by ELISA (BA E-8200, Rocky Mountain Diagnostics). Normetanephrine concentrations were normalized to wet tissue weight. Plasma corticosterone was measured by ELISA (MS E-5400; Rocky Mountain Diagnostics).

Statistical analysis {#section17-1178223420931511}
--------------------

All statistical analyses were performed with Prism 6 (GraphPad Software). For the time course experiment comparing nonstressed with stressed groups, n = 16 per group as dictated by *a prior* power analysis of tumor burden. For the nadolol experiment with 4 experimental cohorts, n = 8 per group. Statistical outliers were identified using the ROUT outlier test. Significant main effects or interactions revealed by 2-way analysis of variance (ANOVA) were followed up post hoc by Holm-Sidak multiple comparison or by 2-tailed student's *t* test. For 2-group comparisons, statistical differences were determined by unpaired, 2-tailed student's *t* test. Statistical differences in body weight over time were determined with repeated measures 2-way ANOVA and Holm-Sidak multiple comparison post hoc test. Fisher exact test was used to compare frequency of lung metastatic lesions. Pearson correlation analysis was used to calculate *F* tests and determine significant deviations from slope = 0 (*P* \< .05).

Results {#section18-1178223420931511}
=======

Characterization of experimental stress exposure in MMTV-PyMT mice {#section19-1178223420931511}
------------------------------------------------------------------

To study the impact of exposure to stress on mammary tumor growth in the transgenic MMTV-PyMT mouse line, we initially tested social isolation which has been reported to increase mammary tumor growth in other preclinical mammary tumor models.^[@bibr3-1178223420931511][@bibr4-1178223420931511][@bibr5-1178223420931511]-[@bibr6-1178223420931511],[@bibr8-1178223420931511]^ However, social isolation tested at different ages and durations did not significantly modify tumor growth in MMTV-PyMT mice (data not shown). Motivated by reports demonstrating heightened stress neurohormonal responses in isolated mice exposed to an acute stressor,^[@bibr3-1178223420931511],[@bibr4-1178223420931511],[@bibr48-1178223420931511],[@bibr49-1178223420931511]^ we socially isolated mice during premalignant hyperplasia and then exposed them to a short-term restraint stress during early carcinoma,^[@bibr49-1178223420931511],[@bibr50-1178223420931511]^ as detailed in the "Materials and Methods" section and diagrammed in [Figure 1A](#fig1-1178223420931511){ref-type="fig"}. In developing the parameters of the acute restraint stressor, we sought to avoid long-term weight loss, such as that induced by homotypic restraint stress alone.^[@bibr51-1178223420931511]^ In the week following social isolation, mice failed to gain body weight as compared with the nonstressed, group-housed mice ([Figure 1B](#fig1-1178223420931511){ref-type="fig"}), but the stressed mice recovered body weight until there was no difference immediately after restraint stress ([Figure 1B](#fig1-1178223420931511){ref-type="fig"}; main effect of stress, *P* = .01; time, *P* \< .0001; Stress × Time Interaction, *P* \< .0003). In MMTV-PyMT mice, palpable solid tumors are detectable only after 8 to 9 weeks of age; therefore, these early changes in body weight are independent of solid tumor development.

Stress exposure activated SNS and HPA axis {#section20-1178223420931511}
------------------------------------------

To characterize the neurohormonal response elicited by exposure of socially isolated MMTV-PyMT mice to restraint stress, SNS and HPA axis activation was assessed 24 hours, 2 weeks, and 3 weeks after the final restraint session in separate groups of mice. Plasma CORT, an indicator of HPA axis activation, was significantly elevated at all 3 time points compared with the corresponding nonstressed group ([Figure 1C](#fig1-1178223420931511){ref-type="fig"}; main effect of stress, *P* \< .0001; time, *P* = .8; Stress × Time Interaction, *P* = .8). To assess SNS activation, NMN, a metabolite of NE, was measured in tumors and spleen.^[@bibr43-1178223420931511],[@bibr52-1178223420931511],[@bibr53-1178223420931511]^ In the spleen, stress exposure significantly increased NMN ([Figure 1D](#fig1-1178223420931511){ref-type="fig"}; main effect of stress, *P* \< .0001; time, *P* \< .0001; Stress × Time Interaction, *P* = .3). In tumors, NMN did not differ between nonstressed and stressed mice at any time point (main effect stress, *P* = .3; Stress × Time Interaction, *P* = .9), but a significant effect of time was noted (*P* = .01; [Figure 1E](#fig1-1178223420931511){ref-type="fig"}). Post hoc analysis revealed tumor NMN was significantly greater at 3 weeks compared with 24-hour post-restraint stress, independent of stress exposure.

Stress suppressed tumor growth, but not metastasis {#section21-1178223420931511}
--------------------------------------------------

To evaluate the impact of stress on tumor growth, tumor burden (weight of all solid tumors) was measured at 24 hours, 2 weeks, and 3 weeks after the final restraint session in the same mice as in [Figure 1](#fig1-1178223420931511){ref-type="fig"}. Unexpectedly, tumor burden was reduced by stress exposure ([Figure 2A](#fig2-1178223420931511){ref-type="fig"}; main effect of stress, *P* = .007; time, *P* \< .0001; Stress × Time Interaction, *P* = .066) by 50% (Holm-Sidak, *P* \< .05) at the 2-week time point and by 30% (Holm-Sidak, *P* = .05) at the 3-week time point.

![Stress exposure suppresses primary tumor growth, but does not alter lung metastasis in MMTV-PyMT mice. (A) Total tumor burden at 3 time points after restraint stress. (B) Representative images of H&E-stained lung tissue sections from 2 MMTV-PyMT mice. 10X magnification; scale bars = 100 µm. Yellow arrows indicate metastatic lesions. Quantification of (C) number and (D) size of metastatic lesions from H&E stained lung sections. Tumor concentration of (E) VEGF; (F) IL-6, and (G) IFN-gamma. Individual responses are indicated. Results are expressed as mean ± SEM. Statistical analyses: Holm-Sidak multiple comparison post-hoc test comparing non-stressed and stressed groups at the corresponding time points,\* p\<0.05; N.D.= not detectable.](10.1177_1178223420931511-fig2){#fig2-1178223420931511}

Metastatic lesion number and size were determined in H&E-stained lung tissue sections ([Figure 2B](#fig2-1178223420931511){ref-type="fig"}), the primary metastatic site in MMTV-PyMT mice.^[@bibr38-1178223420931511]^ No lung metastatic lesions were detected at 24 hours post-restraint in either group as expected at this age.^[@bibr38-1178223420931511]^ At 2 weeks post-restraint, no difference in the frequency of mice with metastatic lesions was detected between nonstressed and stressed mice (5 of 16, nonstress group; 4 of 15, stress group; Fisher exact test, *P* = 1.0). At 3 weeks post-restraint, all mice presented with lung metastases. In mice with detectable metastatic lung lesions, the number of lung metastases did not differ between the nonstressed and stressed groups ([Figure 2C](#fig2-1178223420931511){ref-type="fig"}; main effect of stress, *P* = .7; time, *P* = .08; Stress × Time Interaction, *P* = .5). The size of metastatic lesions was greater in stressed mice 2 weeks, but not 3 weeks, post-restraint ([Figure 2D](#fig2-1178223420931511){ref-type="fig"}; main effect of stress, *P* = .02; time, *P* = .3; Stress × Time Interaction, *P* = .02).

Mechanisms of stress-induced tumor inhibition {#section22-1178223420931511}
---------------------------------------------

In light of the unexpected tumor-suppressive effects of the stressor, we sought to identify stress-sensitive tumor pathways that slowed tumor growth in MMTV-PyMT mice. Hypothalamic-pituitary-adrenal axis activation and glucocorticoids can suppress immune and inflammatory cytokines and chemokines known to regulate tumor growth.^[@bibr54-1178223420931511]^ Three important tumor cytokines, the proangiogenic VEGF, pro-inflammatory cytokine IL-6, and IFN-γ, a key T cell--derived cytokine effector of antitumor immunity were significantly modified over time ([Figure 2E](#fig2-1178223420931511){ref-type="fig"} to [G](#fig2-1178223420931511){ref-type="fig"}; main effect of time, *P* \< .0001). However, each cytokine varied in its stress responsiveness. Vascular endothelial growth factor increased transiently with stress exposure ([Figure 2E](#fig2-1178223420931511){ref-type="fig"}; main effect stress, *P* = .5; Stress × Time Interaction, *P* = .005). A trend toward reduced IL-6 ([Figure 2F](#fig2-1178223420931511){ref-type="fig"}; stress, *P* = .1; Stress × Time Interaction, *P* = .08) was detected. Interferon-γ was not modified with stress exposure ([Figure 2G](#fig2-1178223420931511){ref-type="fig"}; stress, *P* = .4; Stress × Time Interaction, *P* = .1). No other tumor cytokines and chemokines, including IL-1β, IL-2, IL-4, IL-10, IL-12(p70), G-CSF, GM-CSF, M-CSF, MCP-1, MIP-2, RANTES, and TNF-α, were significantly altered by stress exposure (data not shown).

To probe other tumor inhibitory mechanisms, infiltrating immune cells, cell proliferation, and the extracellular matrix were examined in tumors from stressed and nonstressed mice. Two stress-sensitive immunosuppressive myeloid populations, CD11b^+^Gr-1^+^ myeloid-derived suppressor cells (MDSCs) and CD11b^+^F4/80^+^ tumor-associated macrophages (TAMs), were assessed by flow cytometry.^[@bibr5-1178223420931511],[@bibr8-1178223420931511]^ Representative gating on CD45+ leukocytes to exclude CD45-negative tumor cells is depicted in [Supplemental Figure 1](https://journals.sagepub.com/doi/suppl/10.1177/1178223420931511). Tumor MDSC and TAM frequency increased over time (time, *P* \< .0001); however, stress exposure did not alter MDSC or TAM frequency at any time point ([Figure 3A](#fig3-1178223420931511){ref-type="fig"} MDSC: stress, *P* = .5; Stress × Time Interaction, *P* = .7; [Figure 3B](#fig3-1178223420931511){ref-type="fig"} TAM: stress, *P* = .1; Stress × Time Interaction, *P* = .4). Similarly, neither the frequencies of T cells (CD4, CD8, CD25+/FoxP3+ Treg) nor those of natural killer cells (CD49b, CD69) were modified by stress exposure 2 weeks post-restraint (data not shown). Stress exposure also did not significantly alter the frequency of proliferating cells within the tumor as determined by Ki67 immunoreactivity at 2 weeks post-restraint (*t* test, *P* = .13, [Supplemental Figure 2A](https://journals.sagepub.com/doi/suppl/10.1177/1178223420931511)). To assess stress sensitivity of the tumor extracellular matrix, we quantified SHG-emitting tumor collagen. We had previously shown in orthotopic mammary tumors that tumor SHG is altered in association with elevated tumor NE in mice and with tumor progression in human breast cancer.^[@bibr43-1178223420931511],[@bibr55-1178223420931511]^ Stress exposure did not alter SHG-emitting fibrillar collagen in MMTV-PyMT tumors (stress, *P* = .3; Stress × Time Interaction, *P* = .15), but changes in SHG with tumor progression over time were readily detected (*P* \< .0001; [Supplemental Figure 2B](https://journals.sagepub.com/doi/suppl/10.1177/1178223420931511)). Together, these results indicated stress exposure blunted tumor growth without significantly modifying key components of the tumor microenvironment.

Systemic responses to tumor suppression: reduced MDSCs and circulating exosome TGF-β content {#section23-1178223420931511}
--------------------------------------------------------------------------------------------

In MMTV-PyMT mice, MDSCs and TAMs increased in the spleen and lung with advancing tumor stage ([Figure 3C](#fig3-1178223420931511){ref-type="fig"} to [F](#fig3-1178223420931511){ref-type="fig"}; main effect of time, *P* \< .0001). Furthermore, in association with reduced tumor burden, stress exposure reduced MDSC frequency in the spleen ([Figure 3C](#fig3-1178223420931511){ref-type="fig"}; stress, *P* = .004; Stress × Time Interaction, *P* = .03) and lungs ([Figure 3E](#fig3-1178223420931511){ref-type="fig"}; stress, *P* = .6; Stress × Time Interaction, *P* = .014) at 2 weeks post-restraint. Stress exposure did not alter the frequency of TAMs in the spleen ([Figure 3D](#fig3-1178223420931511){ref-type="fig"}; stress, *P* = .3; Stress × Time Interaction, *P* = .09) or lung ([Figure 3F](#fig3-1178223420931511){ref-type="fig"}; stress, *P* = .7; Stress × Time Interaction, *P* = .7) and post hoc analysis revealed no differences at any time point.

![MDSC frequency and TAM frequency in tumor, spleen and lung. (A) Quantification of the frequency of (A, C, E) MDSC and (B, D, F) TAM in (A, B) tumor, (C, D) spleen, and (E, F) lung at 3 time points after restraint stress. Individual responses are indicated. Results are expressed as mean ± SEM. Statistical analyses: Holm-Sidak multiple comparison post-hoc test comparing non-stressed and stressed groups at the corresponding time points,\* p\<0.05; \*\* p\<0.01](10.1177_1178223420931511-fig3){#fig3-1178223420931511}

To further evaluate potential stress-induced alterations to the systemic environment, we also isolated and characterized circulating exosomes, disseminated extracellular vesicles that report on and facilitate tumor progression.^[@bibr26-1178223420931511],[@bibr29-1178223420931511],[@bibr30-1178223420931511],[@bibr33-1178223420931511]^ Based on nanoparticle tracking analysis and TEM, isolated exosomes exhibited the spherical morphologies and diameters of approximately 100 nm expected for unfixed exosomes ([Figure 4A](#fig4-1178223420931511){ref-type="fig"} and [B](#fig4-1178223420931511){ref-type="fig"}).^[@bibr31-1178223420931511]^ The isolated exosomes expressed classical surface markers, including CD81, Alix, tumor-suppressor gene 101 (TSG101), and flotillin-1 (FLOT1), but not the golgi-associated protein GM130, indicating cellular contamination was not present ([Figure 4B](#fig4-1178223420931511){ref-type="fig"}). Exosomal IL-6, IFN-γ, IL-1β, IL-2, IL-4, IL-10, IL-12(p70), G-CSF, GM-CSF, M-CSF, MCP-1, MIP-2, RANTES, VEGF, and TNF-α were at or below the level of detection (data not shown). On the other hand, TGF-β2 content was detectable in exosomes at 2 weeks, and it increased between 2 and 3 weeks post-restraint (main effect of time, *P* = .004; [Figure 4C](#fig4-1178223420931511){ref-type="fig"}). Stress exposure reduced exosome TGF-β2 content in CD63+ exosomes (stress, *P* = .05; Stress × Time Interaction, *P* = .2) 2 weeks post-restraint (Holm-Sidak, *P* \< .05). Exosomal TGF-β1 was not modified by stress, and TGF-β3 was not detectable in most mice (data not shown).

![Plasma Exosome Isolation and TGFß Content. (A) Analysis of nanoparticle diameter; (B) Transmission electron microscopy (TEM) and antibody array of expressed proteins indicating lack of cellular contamination, (C) Exosomal TGFß content 2-wk and 3-wk after restraint stress. Individual responses are indicated. Results are expressed as mean ± SEM. Statistical analyses: Holm-Sidak multiple comparison post-hoc test comparing non-stressed and stressed groups at the corresponding time points,\* p\<0.05.](10.1177_1178223420931511-fig4){#fig4-1178223420931511}

β-AR blockade with nadolol abrogated stress-induced tumor suppression {#section24-1178223420931511}
---------------------------------------------------------------------

A correlation analysis revealed that splenic NMN (a surrogate measure of peripheral SNS activation) was inversely correlated with tumor burden at the 2 week time point ([Supplemental Figure 3A](https://journals.sagepub.com/doi/suppl/10.1177/1178223420931511); Pearson correlation, *R*^[@bibr2-1178223420931511]^ = 0.077, *P* = .006), implicating increased SNS outflow as a driver of suppressed tumor growth in MMTV-PyMT mice. Furthermore, a tumor cell line (R221a) derived from MMTV-PyMT tumors^[@bibr46-1178223420931511]^ was sensitive to the non-selective β-AR agonist isoproterenol, as measured by elevated intracellular cAMP ([Supplemental Figure 3B](https://journals.sagepub.com/doi/suppl/10.1177/1178223420931511)), suggesting that MMTV-PyMT tumor cells are responsive to β-AR stimulation. Therefore, to determine whether sympathetic activation mediates stress-induced tumor suppression through β-AR signaling, mice were implanted with the non-selective β-AR antagonist nadolol to achieve peripheral β-blockade throughout the stress paradigm.

Body weight recovered more rapidly after social isolation in stressed mice treated with nadolol, compared with placebo-treated stressed mice ([Figure 5A](#fig5-1178223420931511){ref-type="fig"}; stress, *P* = .017; time, *P* \< .0001; Stress × Time Interaction, *P* \< .002). Tumor burden assessed 2 weeks post-restraint was reduced 48.5% in placebo/stressed mice ([Figure 5B](#fig5-1178223420931511){ref-type="fig"}) compared with placebo/nonstressed mice, but by 2-way ANOVA, no significant effect of stress and no stress by nadolol interaction were detected. Nonetheless, the 48.5% reduction in tumor burden was equivalent to the 49.2% reduction observed in stressed mice in [Figure 2A](#fig2-1178223420931511){ref-type="fig"} with n = 16. Tumor burden in placebo-treated stressed mice was significantly reduced compared with placebo-treated nonstressed mice (*t* test, *P* = .049). Furthermore, tumor burden in nadolol-treated stressed mice was significantly greater than placebo/stressed mice (*t* test, *P* = .02) and was equivalent to placebo/nonstressed mice ([Figure 5B](#fig5-1178223420931511){ref-type="fig"}; *t* test, *P* = .5) indicating that β-blockade prevented the stress effect. To test whether the stress-induced decrease in tumor burden was associated with increased cellular apoptosis, tumor cleaved caspase-3 was detected by immunohistochemical staining ([Supplemental Figure 4](https://journals.sagepub.com/doi/suppl/10.1177/1178223420931511)).^[@bibr56-1178223420931511]^ Cleaved caspase-3 staining was significantly elevated in placebo/stressed mice compared with all other groups, indicating β-blockade prevented the stress-induced increase in apoptosis ([Figure 5C](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .17; Stress × Nadolol Interaction, *P* = .047). Together, these results demonstrate stressor exposure reduced tumor burden and increased tumor-associated apoptosis through β-AR signaling.

![Nadolol treatment prior to stress exposure in MMTV-PyMT mice. (A) Change in body weight (delta) relative to 1 day before social isolation. (B) Total tumor burden at 3 time points after restraint stress. (C) Tumor apoptosis by quantification of cleaved caspase 3 in tumor sections. (D) Metastatic lesion number and (E) area in H&E-stained sections. Frequency of tumor (F) MDSC and (G) TAM; lung (H) MDSC and (I) TAM; spleen (J) MDSC and (K) TAMs; (L) exosomal TGFß2 normalized to CD63+ eosomes; (M) concentration of CD63+ exosomes. Individual responses are indicated. Results are expressed as mean ± SEM. Statistical analyses: Holm-Sidak multiple comparison post-hoc test comparing non-stressed and stressed groups at the corresponding time points,\* p\<0.05.](10.1177_1178223420931511-fig5){#fig5-1178223420931511}

Stressor exposure did not alter the number of metastatic lesions ([Figure 5D](#fig5-1178223420931511){ref-type="fig"}; stress, *P* = .4, interaction, *P* = .25), lesion area ([Figure 5E](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .43; Stress × Nadolol Interaction, *P* = .07), tumor MDSCs ([Figure 5F](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .9; Stress × Nadolol Interaction, *P* = .4), or TAM frequency ([Figure 5G](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .9; Stress × Nadolol Interaction, *P* = .5). In the lung, the stress-induced reduction of MDSC frequency was prevented by nadolol treatment ([Figure 5H](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .11; Stress × Nadolol Interaction, *P* = .019). Lung TAM frequency was not altered by stress (stress, *P* = .9; Stress × Nadolol Interaction, *P* = .8; [Figure 5I](#fig5-1178223420931511){ref-type="fig"}). In the spleen, stress significantly reduced splenic MDSCs independent of nadolol treatment ([Figure 5J](#fig5-1178223420931511){ref-type="fig"}; stress, *P* = .020; stress by nadolol interaction, *P* = .8), but spleen TAM frequency was not significantly altered by stress ([Figure 5K](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .3; Stress × Nadolol Interaction, *P* = .7). For exosomal TGF-β2 content, nadolol treatment blocked the effect of stress ([Figure 5L](#fig5-1178223420931511){ref-type="fig"}, stress, *P* = .7; Stress × Nadolol Interaction, *P* = .01). These results indicate stress exposure acted through β-AR to inhibit some, but not all, systemic mechanisms associated with tumor growth.

By 2-way ANOVA, significant main effects of nadolol treatment were detected for tumor burden ([Figure 5B](#fig5-1178223420931511){ref-type="fig"}; *P* = .02), number of lung metastases ([Figure 5D](#fig5-1178223420931511){ref-type="fig"}; *P* = .02), and splenic MDSC ([Figure 5J](#fig5-1178223420931511){ref-type="fig"}; *P* = .003). Comparing within the nonstressed groups, the metastatic lesion number and splenic MDSCs were significantly elevated with nadolol treatment compared with placebo based on post hoc analysis ([Figure 5D](#fig5-1178223420931511){ref-type="fig"} and [J](#fig5-1178223420931511){ref-type="fig"}). Tumor burden in the nonstressed groups was non-significantly elevated by nadolol treatment ([Figure 5B](#fig5-1178223420931511){ref-type="fig"}, *t* test, *P* = .14). These results demonstrate that β-blockade with nadolol in nonstressed MMTV-PyMT mice increased tumor progression in association with increased frequency of splenic MDSCs, implying that β-AR signaling inhibits these processes in MMTV-PyMT mice.

Discussion {#section25-1178223420931511}
==========

In preclinical models of breast cancer, psychological stress has been linked to tumor progression and metastasis through β-AR activation. Using MMTV-PyMT mice, a spontaneous model of metastatic hormone receptor-positive (ER+/PR+/Her2-Neu+) breast cancer, we have demonstrated that chronic stress exposure reduced primary tumor growth with little impact on metastasis. The stressor, social isolation combined with an acute restraint stress exposure, elicited SNS and HPA axis activation throughout tumor progression. The stress-induced decrease in tumor burden was associated with increased apoptosis within the tumor and suppression of progression-supporting pathways outside the tumor, including reduced frequency of immunosuppressive lung and spleen MDSCs and decreased circulating exosome TGF-β2 content. Stress-induced tumor inhibition was prevented by chronic β-blockade with nadolol, a non-selective β-AR antagonist that does not cross the blood-brain barrier, indicating that the tumor inhibitory effects of stress required peripheral β-AR signaling. Unexpectedly, in non-stressed MMTV-PyMT mice, chronic nadolol increased tumor burden, lung metastasis, and splenic MDSC frequency. Together, these results demonstrate that β-AR signaling constrains tumor growth in MMTV-PyMT mice and challenges the narrative that stress acts via β-AR signaling solely to drive tumor progression.

The dual stressor markedly activated the SNS and HPA axis in MMTV-PyMT mice {#section26-1178223420931511}
---------------------------------------------------------------------------

In our preliminary studies in MMTV-PyMT mice, social isolation (single housing) alone did not increase mammary tumor growth, nor did social isolation consistently elevate tumor or spleen NE or NMN. We speculated habituation to single housing lessened the impact of social isolation on tumor development. To counter habituation, we exposed singly housed mice to an acute stressor. Exposure of isolated mice to an acute stressor has been demonstrated to produce a greater stress neurohormone response compared with isolation alone.^[@bibr3-1178223420931511],[@bibr4-1178223420931511],[@bibr48-1178223420931511],[@bibr49-1178223420931511]^ Such a "dual stressor" paradigm may also more closely model the experience of living with an underlying stressor (breast cancer diagnosis) punctuated by additional stressors including biopsy, surgery, and waiting for test results compared with a homotypic stressor. We chose to administer 3 2-hour daily restraint stress sessions, based on increased magnitude and duration of neurohormonal responses observed in non-tumor-bearing mice exposed repeatedly to 2-hour restraint sessions^[@bibr50-1178223420931511]^ without accompanying weight loss. MMTV-PyMT mice exposed to the dual stressor displayed heightened plasma CORT and elevated splenic NMN, indicative of HPA axis and SNS activation, as late as 3 weeks after restraint stress exposure without long-lasting weight loss.

The stress-induced reduction in tumor growth was not associated with reduced metastatic lesions in the lung, the primary metastatic site in MMTV-PyMT mice. This result is counter to the report by Chen et al^[@bibr57-1178223420931511]^ showing a stress-induced increase in metastatic lesions in MMTV-PyMT mice using a 4-week exposure to unpredictable stress. In this report, prometastatic pathways were activated in the lung with stress exposure, including increased frequency of TAMs. We demonstrated here reduced lung MDSC 2 weeks post-restraint, but lung TAMs were not significantly altered. With our stress paradigm employed, the inability to detect a stress-induced increase in metastatic lesions may have been countered by stress-induced reduction tumor growth and associated activation of tumor inhibitor pathways.

Stress-induced tumor inhibitory mechanisms {#section27-1178223420931511}
------------------------------------------

Potential immune and non-immune tumor mechanisms underlying the stress-induced reduction in tumor burden were investigated. Cleaved caspase-3 is a marker of increased apoptosis-mediated cell death and is used as a tumor indicator of therapeutic responsiveness in the clinical setting.^[@bibr56-1178223420931511]^ Stressor exposure increased tumor cleaved caspase-3 expression, and the effect was blocked by nadolol, a non-selective β-AR antagonist, implicating β-AR activation in stress-induced tumor inhibition. Thus, increased cell death may explain the stress-induced reduction in tumor burden in MMTV-PyMT mice. Nonetheless, direct induction of apoptosis by β-AR signaling is not consistent with reports that stress^[@bibr58-1178223420931511]^ and tumor cell β-AR signaling^[@bibr59-1178223420931511]^ augment antiapoptotic pathways to increase tumor growth. Based on the lack of evidence for stress-induced NE release within the tumor, we infer that extratumoral β-AR activation indirectly increased tumor cleaved caspase-3 expression. Furthermore, because nadolol does not cross the blood-brain barrier, we conclude that activation of peripheral, and not central, β-AR elicited stress-induced tumor cleaved caspase-3.

Based on stress-induced elevated CORT levels, we speculate that glucocorticoid receptor activation may have also inhibited tumor growth. This is supported by reports from Pan and colleagues^[@bibr60-1178223420931511],[@bibr61-1178223420931511]^ demonstrating an association between glucocorticoid activation and improved outcomes in ER+, but not ER−, breast tumors. The divergence in tumor outcome with glucocorticoid receptor activation observed in patients with breast cancer and the stress-induced tumor inhibition demonstrated here suggest that breast cancer receptor subtype may dictate the response to chronic stress. This possibility will require systematic investigation including other preclinical models of ER+ breast cancer.

Stress exposure did not significantly affect other components of the tumor microenvironment that regulate tumor growth and progression, including immune- and inflammatory-related cytokines and chemokines and tumor infiltration of F4/80+ TAM or CD11b^+^Gr-1^+^ MDSCs. Stress exposure did not modify the tumor extracellular matrix, as reported by SHG-emitting collagen, as hypothesized based our previous report demonstrating increased NE availability altered orthotopic tumor SHG-producing fibrillar collagen.^[@bibr43-1178223420931511]^ Stress exposure transiently induced tumor proangiogenic factor VEGF early in tumor development; however, this elevated VEGF was not maintained over time. The inability to detect stress-induced alterations in tumor cytokines, immune populations, and extracellular matrix was unexpected because we demonstrated here β-AR signaling capacity in R221a cells originating from MMTV-PyMT tumors. Furthermore, sympathetic innervation of MMTV-PyMT tumors^[@bibr53-1178223420931511]^ suggests SNS activation and subsequent NE release can directly target cells within the tumor. Nonetheless, we were unable to detect stress-induced sympathetic NE release in MMTV-PyMT tumors (tumor NMN), despite concomitant peripheral sympathetic activation as measured by increased NMN in the spleen ([Figure 1D](#fig1-1178223420931511){ref-type="fig"} and [E](#fig1-1178223420931511){ref-type="fig"}). The inability to detect stress-associated alterations within the tumor is consistent with the lack of evidence for elevated tumor NMN.

Systemic responses to stress inhibited by stress exposure via β-AR signaling {#section28-1178223420931511}
----------------------------------------------------------------------------

We also demonstrated systemic protumor pathways sensitive to stressor exposure in MMTV-PyMT mice. Tumor cells drive recruitment and expansion of MDSCs in the spleen that infiltrate tumors to suppress antitumor immunity and promote tumor growth.^[@bibr62-1178223420931511]^ In association with reduced tumor burden, stress exposure reduced the frequency of MDSCs in the spleen and lung. β-blockade prevented stress-induced MDSC reduction in the lung, but not in the spleen. These results imply that SNS regulation and β-AR signaling of MDSC recruitment and expansion in the spleen is distinct from processes regulating the frequency of MDSCs in the lung. Yet tumor MDSC frequency was not reduced, suggesting that stressor exposure did not modify MDSC recruitment and infiltration into the tumor, and is consistent with no changes in chemokines, such as CCL2, within the tumor that recruit these cells.

Another tumor-driven response that can be measured systemically is the production of circulating exosomes. To our knowledge, the impact of stressor exposure on exosomes in the context of cancer has yet to be investigated. We found that in circulating exosomes isolated from MMTV-PyMT mice, TGF-β~2~, a predominant cytokine in these exosomes, was reduced by stress exposure, and β-AR blockade prevented this suppression. These results provide proof-of-principle that circulating exosomes are sensitive to β-AR signaling and therefore may be useful as readily accessible biomarkers of stress-modulated tumor progression. It is not known from this study whether the stress-blunted exosomal TGF-β content directly contributed to the tumor-suppressive effects of stress or whether it was secondary to reduced tumor growth. It was also not determined whether the isolated circulating exosomes originated from the tumor or host stromal cells.

Chronic nadolol blocked stress-induced tumor outcomes but promoted tumor progression in the absence of stress exposure {#section29-1178223420931511}
----------------------------------------------------------------------------------------------------------------------

Unexpectedly, in non-stressed MMTV-PyMT mice, nadolol treatment increased tumor burden, number of lung metastases, and splenic MDSC frequency. We chose nadolol because it is used clinically and does not cross the blood-brain barrier.^[@bibr40-1178223420931511]^ Furthermore, nadolol displays little intrinsic sympathomimetic activity or biased agonism, features of many β-blockers.^[@bibr40-1178223420931511]^ Biased agonists, including the commonly used β-blocker propranolol, block ligand-induced classical β-AR signaling (Gαs/adenylate cyclase/cAMP) through a structural conformation that also favors signaling through alternative pathways, including the β-arrestin/mitogen-activated protein kinase/extracellular signal--regulated kinase 1/2 pathway.^[@bibr63-1178223420931511],[@bibr64-1178223420931511]^ β-blockers that display biased agonism have been demonstrated to have clinically distinct and opposing effects by activating alternative pathways,^[@bibr65-1178223420931511][@bibr66-1178223420931511]-[@bibr67-1178223420931511]^ something we wanted to avoid. Another characteristic of many β-blockers, including nadolol, is inverse agonism. β-blockers with inverse agonist activity preferentially stabilize the β-AR structure in a resting conformation that not only blocks ligand signaling but also reduces constitutive β-AR activation.^[@bibr64-1178223420931511],[@bibr68-1178223420931511]^ Our choice of nadolol eliminates the potential confounds of intrinsic sympathetic activity or biased agonism, but inverse agonism may explain the unexpected effects of nadolol in nonstressed MMTV-PyMT mice.

We also demonstrated here a link between stress exposure and systemic MDSCs. The finding that nadolol treatment in nonstressed mice increased splenic MDSC frequency suggests that β-AR signaling inhibits MDSC accumulation in the spleen under baseline conditions in MMTV-PyMT mice. This interpretation is consistent with the demonstration that removal of splenic sympathetic innervation increased MDSCs in the spleen and accelerated tumor development.^[@bibr69-1178223420931511]^ We speculate that in nonstressed MMTV-PyMT mice, β-AR signaling acts to constrain tumor growth and progression in part by regulation of MDSC expansion or migration. Nadolol treatment removed a tumor-suppressive brake by increasing splenic MDSC and promoting tumor growth and metastasis, as observed here. Together, these results support the conclusion that β-AR stimulation can activate tumor-suppressive mechanisms in MMTV-PyMT mice.

Conclusions {#section30-1178223420931511}
===========

Despite recent advancements identifying mechanisms underlying stress regulation of cancer progression, a review of historical literature reveals significant complexity in psychosocial stress modulation of tumor progression. Throughout the 1960s and 1970s, a number of studies demonstrated differential regulation of tumor progression, depending on factors such as stressor type and chronicity, tumor model, and timing of stress exposure in tumor progression (reviewed in previous studies^[@bibr70-1178223420931511],[@bibr71-1178223420931511]^). Even more recently, Dhabhar and colleagues^[@bibr72-1178223420931511],[@bibr73-1178223420931511]^ demonstrated that acute stress inhibited, but chronic stress exacerbated, squamous cell carcinoma development. Our results also imply that psychosocial stress may not exclusively promote tumor progression or metastasis-promoting pathways in cancer. Stress-induced tumor inhibition needs to be better understood to incorporate β-blockers and other therapies that block the stress response as an option in the treatment of cancer.
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